The current status of the design and operation of waste treatment facilities involves the implementation of gaseous emissions management and removal processes to avoid the uncontrolled release to the atmosphere of greenhouse gases, volatile organic compounds (VOCs) and malodorous volatile inorganic compounds (VICs), as well as novel approaches for the valorisation of gaseous by-products. This is particularly true in waste treatment facilities, including incineration, anaerobic digestion, composting, mechanical biological treatment (MBT) and landfilling, where the implementation of these technologies can mitigate gaseous emissions to the atmosphere and promote by-products valorisation, thus contributing to the diminishment of local odour nuisance and to the mitigation of climate change.
Incineration
Incineration plants are well known for their high standards in gaseous emissions control, including on the one hand particulate matter removal by electrostatic precipitators and bag filters, coupled with a subsequent battery of gaseous emissions treatment processes. These processes may include acid gases (such as HCl, HF and SO 2 ) as well as volatile heavy metals (such as mercury) removal in wet scrubbers, followed by a SCR-De-NOx process to transform NOx into N 2 and H 2 O in the presence of oxygen, ammonia and a mineral catalyst. In addition, most incineration plants also include operational strategies to avoid dioxins and furans formation, mainly by controlling the incineration temperature and implementing gas cooling steps. In addition, most plants may mitigate potential dioxins and furans emissions by implementing an activated carbon adsorption step before the flue gases are released to the atmosphere. Regarding future tendencies in air pollution control in incineration plants, the capture and valorisation of CO 2 has emerged in the past years as one of the most promising approaches. Biotechnological processes involving microalgae will most probably play a very important role in these facilities based on the ability of microalgae to fix about 2 t of CO 2 per tonne of produced dry microalgae, simultaneously producing proteins, lipids, carbohydrates and other bio-products of possible commercial application. Companies like Solix BioSystems in the USA, Desert Bioenergy in Chile and ENDESA in Spain have already started industrial applications in this field. In addition, Calera Corporation in USA has also developed a technology to produce calcium carbonate cement from CO 2 , a product that can be used as a building block to manufacture a range of building material products.
Anaerobic digestion
Biogas is the by-product from anaerobic digestion with the highest valorisation potential, the production of which in Europe is expected to reach 20 billion Nm 3 year -1 by 2030. Despite its potential, its relatively high production cost, together with the lack of tax incentives and the inherent presence of pollutants such as CO 2 , H 2 S, NH 3 and VOCs, have limited the full exploitation of biogas. Biogas is a powerful greenhouse gas, whose energetic valorisation is most of the time not cost-effective in small-tomedium size waste treatment facilities, unless high incentives to biogas production exist, like in Italy for example. Therefore, the development of technologies for biogas conversion into novel bio-products of commercial interest is crucial in order to ensure the competitiveness of this bioresource and to increase the economic feasibility of the waste treatment facilities. Owing to its high CH 4 content, biogas constitutes both a suitable raw material for the production (via upgrading) of a biofuel with a quality similar to natural gas, and a valuable biotechnological substrate for the generation of biopolymers, methanol, lipids or high added value products. However, while biotechnologies for the conversion of biogas into the latter bio-products are still in an embryonic stage, H 2 -assisted CO 2 bioconversion, microalgae-based CO 2 fixation, enzymatic CO 2 dissolution and fermentative CO 2 reduction have been already successfully tested at a pilot scale.
Composting
Composting processes, which can be operated in open-air piles or closed tunnels, are well known to generate greenhouse gases as well as VOCs and ammonia. In particular, composting processes emit greenhouse gases including CH 4 and N 2 O, which can be treated either by costly physical/chemical processes such as incineration or activated carbon filtration, or by low-cost and environmentally friendly biotechnologies (microalgae processes, biofilters and bioscrubbers, among others). Emitted VOCs and VICs, which are mainly responsible for odours in composting facilities and may include terpenes, alcohols, ketones, sulphurous and nitrogenous compounds, among others, are however more cost-effectively treated in biotrickling filters or in third generation biofiltration processes. In this context, biotechnologies for air pollution control have significantly evolved in the last decades, moving from rudimentary soil-based biofilters to highly automated biotrickling filters or bioscrubbers. The absence of additional fuel or chemical requirements in biotechnologies for odour treatment, along with their reduced energy Biotechnologies for gaseous emissions and by-products management in waste treatment facilities
Editorial consumption, result in significantly lower overall CO 2 footprints compared with chemical scrubbers, incinerators or activated carbon filters. The intensification of gas-liquid mass transfer (in order to reduce the footprint of conventional bioreactors), the increase in both process robustness and in the durability of packing material are key research areas that will boost the widespread implementation of biotechnologies for air pollution control in composting facilities.
Mechanical biological treatment
MBT of waste is a residual waste treatment process. The mechanical stage has often two main roles. In many technologies, the waste is broken down into smaller parts, by shredding for example, and secondly some recyclable materials are recovered from the waste stream. The biological stage is either a composting or an anaerobic digestion process in a closed reactor. As MBT facilities are located in enclosed buildings, potential odour emissions can normally be controlled by using ventilation systems. If there is a combustion element in the facility (e.g. a boiler or a combustion engine), odours extracted from the process areas can be burned in these combustion units. On the other hand, if there is no combustion unit, the process of air extraction and ventilation will nevertheless dilute malodorous air. Biotechnologies such as biofilter, biotrickling filters and bioscrubbers can be also used for odour control in air extracted from working areas with high removal efficiencies, as already described in composting processes. In addition, bioaerosols may be also present in MBT gaseous emissions (as well as in composting processes), and comprise complex mixtures of micro-organisms (including fungal spores and bacteria) transported in the air that need to be treated properly before their release to the atmosphere to avoid negative effects on human health. In this debate, sound processes including bioaerosols thermal treatment photolysis and photocatalysis are being studied and implemented.
Landfilling
During landfill operation, landfill gases, mainly composed by CH 4 and CO 2 , are collected and used for electricity and heat generation in combustion engines. H 2 S, halocarbons and siloxanes should be removed before the landfill gas can be energetically valorised, owing to corrosion and abrasion operational problems caused in combustion engines and turbines. Nowadays, activated carbon adsorption dominates the upgrading market for landfill gas, despite its high investment cost and high environmental impacts (mainly caused by the production of a frequently replaced activated carbon). Biotechnologies such as aerobic and anoxic biotrickling filters have shown a comparable performance for biogas desulphurisation at significantly lower operating costs. On the other hand, during landfill post-closure, the remaining CH 4 and CO 2 emissions can be passively treated to mitigate climate change by landfill covers, which relies on the cover of the landfill using specific organic materials for the biological conversion of methane into carbon dioxide, water and biomass. This technology has been successfully demonstrated and implemented at different scales over the last three decades. In this context, the selection of cover materials, pore structure, moisture content and the microbial communities established are crucial for a complete abatement of CH 4 . Actively vented biofilters have been also successfully tested both at pilot and full scale, with abatement efficiencies of 80%-95%. Unfortunately, the low water solubility of CH 4 entails extremely high gas retention times (from hour to days), which requires the development of high-mass transfer bioreactor configurations, such as Taylor Flow reactor or two-phase partitioning bioreactors. Likewise, the development of CH 4 bioconversion processes into bio-products of commercial interest will open new opportunities for the valorisation of the emissions of abandoned landfills.
In brief, biotechnologies are gradually expanding their application range and replacing physical/chemical technologies in the management of diluted gas emissions and by-products valorisation in waste treatment facilities. Despite the still higher investment cost of biotechnologies, their significantly lower operation cost (up to six times lower), lower environmental impacts (especially in terms of CO 2 footprint) and potential for developing a biorefinery concept from the off-gas treatment stand as the main driving force to dominate the market in a close future.
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